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Abstract. This paper presents a two-dimensional structure
of the shock wave signatures in ionospheric electron den-
sity resulting from a rocket transit using the rate of change
of the total electron content (TEC) derived from ground-
based GPS receivers around Japan and Taiwan for the ﬁrst
time. From the TEC maps constructed for the 2009 North
Korea (NK) Taepodong-2 and 2013 South Korea (SK) Ko-
rea Space Launch Vehicle-II (KSLV-II) rocket launches, fea-
tures of the V-shaped shock wave fronts in TEC perturba-
tions are prominently seen. These fronts, with periods of
100–600s, produced by the propulsive blasts of the rock-
ets appear immediately and then propagate perpendicularly
outward from the rocket trajectory with supersonic velocities
between 800–1200ms−1 for both events. Additionally, clear
rocket exhaust depletions of TECs are seen along the tra-
jectory and are deﬂected by the background thermospheric
neutral wind. Twenty minutes after the rocket transits, de-
layed electron density perturbation waves propagating along
the bow wave direction appear with phase velocities of 800–
1200ms−1. According to their propagation character, these
delayed waves may be generated by rocket exhaust plumes
at earlier rocket locations at lower altitudes.
Keywords. Ionosphere (ionosphere–atmosphere interac-
tions; ionospheric disturbances; wave propagation)
1 Introduction
Studies have indicated that the exhaust plumes generated
from shuttle launches or rockets carrying liquid fuel (LH2,
LOX, N2H2) could result in ionospheric electron density de-
pletion and/or airglow brightness along the ascending trajec-
tories of the rockets (e.g., Booker, 1961; Bernhardt et al.,
1975; Mendillo et al., 1975, 2008; Furuya and Heki, 2008;
Ozeki and Heki, 2010; Meier et al., 2010). Following the ob-
servation of F-region depletion due to launch of Skylab mis-
sion, Benhardt et al. (1975) simulated the effect of rocket ex-
haust H2 in production of the O+ depletion in the ionosphere
and some H+ reduction in the plasmasphere. Recently, large-
scale variations of the ionospheric electron density caused
by rocket exhaust have been observed by using networks of
GPS receivers showing the two-dimensional distribution of
the depletions (Mendillo et al., 2008; Furuya and Heki, 2008;
Ozeki and Heki, 2010).
In addition to the electron density depletion produced by
chemical reactions, the shuttle blast plume could also af-
fect the ionospheric electron density through interactions be-
tween the ionized and perturbed neutral particles. Observa-
tions taken away from the shuttle trajectory have revealed the
travel ionospheric disturbances (TIDs) resulting from atmo-
spheric acoustic-gravity waves (AGWs) excited by the space
shuttle blast plume (e.g., Arendt, 1971; Noble, 1990; Li et
al., 1994). Noble (1990) observed TIDs propagating further
away (thousands of kilometers) from the shuttle trajectory
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with periods of 15–75min. Following observations of TIDs
away from the trajectory, Calais and Minster (1996) observed
the AGWs’ effects along the shuttle launch path using a sin-
gle ground-based GPS station for the ﬁrst time and show
that the enhanced total electron content (TEC) spectra are for
those with periods of less than 10min (600s). More recently,
Bowling et al. (2013) modeled such ionospheric perturbation
produced by the space shuttle using a ray tracing model and
takingintoaccountoftheperturbationamplitudeofamoving
source.
The observed AGWs-related TIDs and ionospheric pertur-
bation waves due to the rocket passage are similar to the so-
lar eclipse effect speculated by Chimonas and Hines (1970)
that a localized heat sink traveling through a gravitationally
stratiﬁed atmosphere with supersonic velocities may result
in shock waves observable in the ionospheric plasma per-
turbation. In contrast to the heat sink resulting from a so-
lar eclipse, the rocket exhaust plume may provide a heat
source. The effect is analogous to the hydrodynamic systems
(Comstock, 1967) where, if the source velocity exceeds the
wave propagation speed, a “bow wave” formed by AGWs ap-
pears around the source region traveling away from the tra-
jectory.
To examine the aforementioned AGWs due to heat re-
leased by rocket exhaust plumes and their propagation prop-
erties in the upper atmosphere, two-dimensional TEC maps
derived from dense GPS networks in South Korea, Japan
and Taiwan are utilized to study the AGWs signatures in the
ionospheric plasma perturbation generated by the launches
of the North Korea (NK) Taepodong-2 rocket in 2009 with
an eastward trajectory and South Korea (SK) KSLV-II rocket
in 2013 with a southward trajectory. From the time-varying
two-dimensional TEC observation, the AGWs properties of
ionospheric plasma perturbation due to the rockets are inves-
tigated.
2 Observations and discussions
2.1 GPS-TEC observations for North Korean and
South Korean rockets
According to Ozeki and Heki (2010), who investigated the
ionospheric plasma depletion due to the chemical released
of the North Korea (NK) Taepodong-2 (T-2) rocket in 2009,
the T-2 is a three-stage rocket that was launched at 02:30UT
5 April from the east coast of North Korea and ﬂew toward
Japan. The trajectory of T-2 was obtained with radar track-
ing by the Japanese Ministry of Defense, showing that the
satellite passed through the F-region over Japan Sea. By re-
moving the 2h linear curve-ﬁtting of vertical TEC data us-
ing a second-order linear polynomial function, they found
an ionospheric plasma depletion made by this rocket due to
the exhaust plume of water vapor. As the AGWs feature in
TEC is mainly the higher-frequency phenomenon compared
with ionospheric electron density depletion caused by chem-
ical reaction, the curve-ﬁtting method, which may affect the
high-frequency variations and their phases, is thus not suit-
able for this study. On the other hand, the rate of change of
TEC corresponding to the sudden change of the ionospheric
variations similar to the Doppler observation (cf. Liu et al.,
2004, 2006) would be more suitable for detecting the shock
wave features herein.
Figure 1a–f show the time series of the rate of change
of TEC (hereinafter referred to as rTEC) derived from 30s
sampling of ground-based GPS data during the 2009 NK
rocket passage. It is noted that the ionospheric height for
converting slant to vertical TECs is set as 260km in this
analysis to avoid the misalignment of the TEC perturba-
tion using multiple ground-based GPS stations (see Fig. 4
in Ozeki and Heki, 2010). Detailed time development vari-
ations of these wave propagations can be found in the Sup-
plement (S1 – “NK_TIDmovie_260km”). From Fig. 1b, a
V-shaped structure of positive rTECs indicating the shock
wave signature appears at 02:35:30UT while the rocket was
at 260km altitude traveling with a speed of 3.6kms−1. The
V-shaped structure in the southern boundary of the trajec-
tory is clearer than that in the northern boundary. In the time
frame 02:36:30–02:37:00UT (Fig. 1c and d), rTECs along
the rocket trajectory show a broad region of negative val-
ues accompanied by narrow positive rTEC bands located at
their northern and southern outer boundaries. The narrow
positive bands are outward propagating from the previous
V-shaped structure, and a new V-shaped structure of posi-
tive rTEC band is formed at the rocket location (Fig. 1d).
Around 20min later, appearances of delayed waves propa-
gating along the southeast (bow wave) direction of the tra-
jectory are seen in Fig. 1e and f.
Similar to the NK event, Fig. 1g–l show the rTEC per-
turbation maps for the 2013 SK event. Detailed time devel-
opment variations of these wave propagations can be found
in the Supplement (S2 – “SK_TIDmovie_300km”). The SK
KSLV-II launched at 07:00UT (16:00LT) 30 January 2013.
According to the text description provided on the website
of Korea Aerospace Research Institute (KARI, http://www.
kslv.or.kr/lnch/lnch_obt.asp?mn=3), the KSLV-II had its ﬁrst
stage of rocket separation at 07:03:52UT (16:03:52LT) at
196km altitude and 316km away from the launch site. The
second stage of rocket ignited at 07:06:35UT at 303km al-
titude, 1052km away from the launch site, and separated
at 07:09:00UT, 2054km away from the launch site. As
the information of the SK rocket trajectory is limited on
the KARI website, the rocket trajectory plotted in Fig. 1g–
l could only be roughly taken from an illustration of a
South Korean newspaper, Money Today, (http://news.mt.co.
kr/mtview.php?no=2013012915110944605&type=1). It is
noted that since most of the GPS-TEC observations are taken
after the rocket reaches 303km altitude and maintains that
altitude afterwards, the ionospheric height for calculating
the sub-ionospheric points is set at 300km for this analysis.
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Figure 1. Snap shots of the rate of change of TEC (rTEC) indicating the shock and bow waves (enhanced rTECs in red color) and ionospheric
depletionsresultingfromtherocketexhaustofthe2009NorthKoreaTaepodong-2(a–f)and2013SouthKoreaKSLV-II(g–l)rocketlaunches.
The square boxes plotted in panels (a), (e), (g), (k) identify the regions for calculating the wave velocities shown in Figs. 4a and b, and 5a
and c, respectively.
From Fig. 1g, similar V-shaped positive rTECs, i.e., the
shock wave signature, appear to the west of the plotted tra-
jectory and expand toward the east as seen from Fig. 1h–j.
As the shock wave signature should occur on the two sides
of the rocket trajectory, it is likely that the actual rocket tra-
jectory should be to the west of the reported trajectory plot-
ted in Fig. 1g–l. Similar to the NK event, the SK event also
shows the 20min delayed rTEC perturbation waves prop-
agating along the bow wave directions. Due to the limited
view angle of the ground-based GPS receivers, the west side
of the shock and bow waves could not be observed for the
SK event.
The more prominent southward propagation of the shock
wave and delayed waves in the bow wave direction is consis-
tent with earlier studies suggesting that the acoustic-gravity
waves in the ionosphere have a tendency towards equator-
ward propagation (e.g., Heki and Ping, 2005; Otsuka et al.,
2006; Liu et al., 2011a). Simpliﬁed estimations of acoustic
velocities and cutoff periods for the two events are calcu-
lated using parameters given by the empirical neutral atmo-
sphere model, NRLMSISE-00 (Picone et al., 2002) (Fig. 2).
The acoustic velocities for NK (∼200km altitude) and SK
events (∼300km) are 704 and 790ms−1, respectively. The
acoustic cutoff periods for NK and SK events are 642 and
726s, respectively.
To compare the properties of the perturbation waves
shown in Fig. 1 with the estimations given in Fig. 2, we
apply wavelet analysis (Torrence and Compo, 1998) on the
rTECs for the NK event. We choose to present the NK
event for comparison because it has wider spatial coverage
of GPS-TEC observations. Figure 3 shows a snapshot of the
two-dimensional rTEC variations at 02:37UT, time evolu-
tions of rTECs at different sub-ionospheric points (SIPs) and
the associated wavelet spectrograms during the NK rocket
ﬂyby. In Fig. 3b, the SIP located in the middle of the trajec-
tory shows clear negative rTECs due to the chemical reaction
of the rocket exhaust, and the associated spectrogram indi-
cates increases of amplitudes in all periods. For the observa-
tion taken at SIP away from the center of trajectory (Fig. 3c),
a rapid rTEC increase is seen, followed by the rTEC deple-
tions. The associated rTEC spectrum shows a greater en-
hancement for oscillation periods shorter than 600s than
those of longer periods. The effect of negative rTEC becomes
much weaker for observations taken further away from the
center of the trajectory (Fig. 3d and e), and mainly the os-
cillations of the shock wave fronts with periods of shorter
than 600s are enhanced. Neither the positive nor negative
rTEC is seen for SIPs further away from the rocket trajectory
(Fig. 3f), which could be treated as the background reference
for comparisons with other subplots of Fig. 3.
The N-shaped feature seen in Fig. 3d and e is similar to the
earlier report of shock–acoustic waves produced by rockets
and earthquakes (Afraimovich et al., 2002, 2010). The en-
hanced spectra at shorter periods (less than 600s) for SIPs at
the shock wave region fall within the acoustic cutoff period
as shown in Fig. 2, and are consistent with those reported
by Calais and Minster (1996). The negative rTECs caused
by chemical reaction of rocket exhaust, on the other hand,
mainly affect the oscillation with periods of greater than
600s (Fig. 3b and c). The rTEC line plot shown in Fig. 3c
thus indicates the combined effect of N-shaped shock waves
and negative rTEC.
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Figure 2. Estimation of averaged acoustic velocities and cutoff periods using NRLMSISE-00 model at rectangular boxes shown in Fig. 1 for
the 2009 North Korean rocket launch (a and b) and for the 2013 South Korean rocket launch (c and d).
2.2 Propagation velocities of TEC perturbations
Figure 4a and b further show the time–distance rTEC map
(rTEC velocity map) during the rocket-ascending period, in-
dicating the velocities of the shock waves due to rocket ex-
haust blast and delayed rTEC perturbation waves in the bow
wave direction, respectively. Figure 4a shows that there are
three shock wave fronts produced by the rocket plume blast.
The second and the third wave fronts are formed after the
rocket has passed through, suggesting that the ﬁrst wave is
generated by the blast of the exhaust plume and the remain-
ing exhaust plume acts as the heat source that continuously
exerts perturbation waves (possibly dispersive AGWs) prop-
agating perpendicularly outward from the rocket trajectory.
The ﬁrst shock wave with narrower wave front of 25km
(estimated from Supplement S1) has northward and south-
ward propagating wave fronts with velocities of 928 and
1296ms−1, respectively. The velocities reduce to around
800ms−1 at a later time for the second and third shock wave
fronts with broader wave fronts of ∼88 and 105km, respec-
tively.
Following the ﬁrst shock wave, the signature of negative
rTECs resulting from the chemical reaction of rocket exhaust
is clearly seen trailing the rocket trajectory and has an initial
northward propagation velocity of 155ms−1 before reduc-
ing to 51ms−1 15min later. The faster velocity of negative
rTECs at the beginning may result from the combination of
the propulsion velocity, neutral wind effect, and the molecu-
lar diffusion of the vapor (possibly H2 and H2O) molecules.
The later northward propagation of the negative rTECs is
closer to the background neutral wind velocities obtained
from the empirical horizontal wind model (HWM07) (Drob
et al., 2008) around the rocket altitude showing a north-
ward meridional wind of 20ms−1 around 02:35–02:55UT
(11:35–11:55LT). The discrepancy between propagating ve-
locities of negative rTECs- and HWM07-predicted neutral
wind velocity might also be because the actual neutral wind
velocity is higher than the averaged value given by the cli-
matology empirical model of HWM07.
Figure 4b shows that the delayed rTEC perturbation waves
traveling along the bow wave direction have velocities above
1000ms−1, greater than those earlier shock wave fronts in
Fig. 4a. The greater velocities of the delayed waves and their
bow wave direction of propagation suggest that they might
not be continued shock wave or acoustic-gravity wave fronts
coming from the same source region.
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Figure 3. Two-dimensional rTEC maps derived from observations of GPS PRN#29 and wavelet spectrums of sub-ionospheric points (SIPs)
located (b) in the middle of the TEC depletion region due to the chemical reaction of rocket exhaust (denoted by the closed red triangle);
(c) at the edge of the shock wave and depletion region (denoted by the open triangle); (d) and (e) at the shock wave locations (denoted by
the closed and open red rectangles); (f) far away from the rocket trajectory (denoted by the red closed circle) for the 2009 North Korean
rocket. Closed blue circles indicate the ﬁve corresponding ground-based GPS receivers. Black lines indicate the cone-of-inﬂuence of wavelet
analysis, which indicates the maximum period of useful information at that particular time.
Similarly, the velocity map for the SK event shown in
Fig. 5a also indicates the ﬁrst narrow shock wave front in
rTEC (33km) propagating at velocity of 1331ms−1 fol-
lowed by two slower shock wave signatures traveling around
900ms−1. All three shock wave fronts propagate perpen-
dicularly outward (eastward) from the trajectory. The spa-
tial width of ﬁrst shock wave front is ∼33km followed by
the broader wave fronts of the second (80km) and third
(110km) shock waves. The negative rTECs, due to the chem-
ical reaction of rocket exhaust, again appear along with the
shock wave signatures. Due to limited data coverage, the ini-
tial propagation velocity of the negative rTECs could not
be estimated correctly, and the later negative rTECs propa-
gate eastward with a velocity of 48ms−1, almost identical
to the zonal wind of 50ms−1 predicted by HWM07. Fig-
ure 5b indicates the appearance of delayed rTEC perturba-
tion waves propagating in the bow wave direction with ve-
locities around 800–1000ms−1 after 07:20UT. The delayed
waves in Fig. 5b have similar properties as those in Fig. 4b.
In general, the horizontal velocity exceeding 800ms−1 pre-
sented in Figs. 4 and 5 is a little higher than the results of
700–800ms−1 reported by Calais and Minster (1996) and
Bowling et al. (2013).
The velocity maps shown in Figs. 4a and 5a are consis-
tent with the hypothesis proposed by C.O. Hines (Arendt,
1971) about a shock wave traveling with diminishing ve-
locities. Such variation is also seen by the coseismic iono-
spheric disturbances resulting from the great Tohoku earth-
quake of 2011 (cf. Liu et al., 2011b; Kakinami et al., 2013)
where the initial velocity possibly induced by the Rayleigh
wave may have exceeded 3kms−1 followed by acous-
tic waves with 0.6–2kms−1 velocities. Similar coseismic-
induced two-mode waves were also reported for different
events (e.g., Astafyeva et al., 2009). A theoretical simulation
of TEC disturbances due to the Sumatra earthquake of 2004,
reported by Shinagawa et al. (2007), also showed different
modes of TEC propagating velocities. In their simulation of
tsunami effects on the atmosphere, by using a vertical veloc-
ity in neutral atmosphere as lower boundary condition, they
obtained the fast initial TID velocity of 675ms−1 followed
the slower second velocity of 350ms−1. The results indicate
that a single wave source may generate waves with different
phase speeds.
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Figure 4. The rTEC time–distance velocity diagram (a) calcu-
lated from the center of the rectangle indicated in Fig. 1a (pos-
itive distance indicates northward propagation) from 02:30:00–
02:55:00UT(11:30:00–11:55:00LT)forthe2009NKevent;(b)ve-
locity diagram of delayed waves along the bow wave direction
calculated from the upper short side of the rectangle indicated in
Fig. 1e (positive distance indicates southeastward propagation).
3 Possible mechanism for delayed waves
The appearances of the delayed perturbation waves shown in
Figs. 4b and 5b have characteristics of bow waves as they
mainly propagate along the direction of bow wave front with
supersonic velocities of 800–1200ms−1. The delayed waves
are unlikely the continued or evolved local shock waves of
the same origin, since the second and third shock waves
shown in Figs. 4a and 5a are slower (800–900ms−1) than the
ﬁrst arrival of delayed perturbation waves shown in Figs. 4b
and 5b with most of their velocities exceeding 1000ms−1. A
possible source of the delayed waves may come from propa-
gation of the AGWs generated at an earlier rocket stage/time
(lower altitudes) that expand and propagate toward higher al-
titudes along with the rocket trajectories. It is worthwhile to
note that the delayed perturbation waves of the two events
both travel toward the southeast. For the SK event, it is pos-
sible that there might also be a southwest-propagating de-
layed wave but this goes beyond our GPS-TEC observation
coverage. Nevertheless, the tendency toward southeastward
propagation of delayed waves in the NK event is similar to
bow waves resulting from the moon shadow of a solar eclipse
reported by Liu et al. (2011a).
Heki and Ping (2005) and Otsuka et al. (2006) suggest
that the ionospheric plasma perturbation would occur when
Figure 5. The rTEC time–distance velocity diagram (a) calculated
from the center of the rectangle indicated in Fig. 1g (positive dis-
tance indicates eastward propagation) from 07:00:00–07:25:00UT
(16:00:00–16:25:00LT)forthe2013SKevent;(b)velocitydiagram
of delayed waves along the bow wave direction calculated from the
upper short side of the rectangle indicated in Fig. 1k (positive dis-
tance indicates southeastward propagation).
the direction of seismic-related atmospheric AGWs propa-
gates parallel to a magnetic ﬁeld line and thereby the neu-
tral density perturbation could affect the ionospheric plasma
along magnetic ﬁeld line more effectively. The illustrations
in Fig. 6 demonstrate a possible effect of delayed bow waves
shown in Figs. 4b and 5b. Figure 6a illustrates that the blast
of the exhaust plume produces the V-shaped shock wave sig-
natures in the ionosphere at the current stage (an example
time tag of 02:35UT at 260km altitude in the illustration).
In the meantime, the remaining exhaust plumes released at
the earlier rocket locations/time (for example, at 02:30 and
02:33UT) continuously exert perturbation waves propagat-
ing outward from them. As the energy of previously released
exhaust plumes dissipate along with time, the perturbation
wave fronts evolve from the V-shaped shock waves to the
circular-shaped AGW fronts and thus propagate in the bow
wave direction. If the delayed perturbation waves come from
the same exhaust plume at the current stage (∼260km alti-
tude)ratherthentheearlierstageasdescribedabove,theneu-
tral density perturbation waves (indicated by green dashed
arrows) would produce less prominent north–south asym-
metry in ionospheric plasma perturbation as demonstrated
in Fig. 6b. If the delayed plasma perturbation waves re-
sult from the neutral density perturbation at earlier stages
at lower altitudes, it would be like the conditions shown
in Fig. 6c. The neutral density perturbation waves at lower
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Figure 6. The illustrations demonstrate (a) the delayed bow waves
generated by the exhaust plume released at earlier rocket locations
at lower altitudes and propagated outward/upward from the source
region toward higher altitudes (the altitudes and time tags are based
on the 2009 NK event); (b) the conditions for the neutral density
perturbation waves generated by released plume at the rocket’s cur-
rent location where the outward propagation of neutral perturbation
waves produce no north–south asymmetry in plasma perturbation
waves; (c) the conditions for the neutral density perturbation waves
coming from lower altitude which lead to prominent tendency to-
ward equatorward/southward propagation of plasma perturbation
waves. The blue dashed arrow lines indicate magnetic ﬁeld lines,
while the green dashed arrow lines indicate the disturbance waves.
altitude propagate outward and upward from the rocket ex-
haust source and result in a southward propagation tendency
of plasma perturbation waves, since the ﬁeld-aligned neu-
tral density perturbation could affect the ionospheric plasma
more easily than that perpendicular to the magnetic ﬁeld.
Observations of the southward propagation tendency of de-
layed plasma perturbation waves of the two events thus sug-
gest that they are more likely coming from neutral density
perturbations at earlier rocket locations at lower altitudes.
Similar delayed, southward, and bow wave direction prop-
agating plasma perturbation waves were reported by Liu et
al. (2011a) during the solar eclipse event, where the AGWs
are generated at stratospheric altitude and affect the iono-
spheric TEC.
The delayed plasma perturbation waves might also be pos-
sibly due to surface reﬂection or refraction from low velocity
zones of neutral density perturbation waves. Li et al. (1994)
and Calais and Minster (1996) both observed the second
wave trains of ionospheric plasma perturbation after the shut-
tle passages. Li et al. (1994) attributed the effect to surface
reﬂection of the rocket-generated perturbation waves, while
Calais and Minster (1996) suggested the later wave train
might result from neutral density perturbation waves propa-
gating along a horizontal atmospheric waveguide. However,
the velocity derived from horizontal waveguide proposed by
Calais and Minster (1996) is fewer than 300ms−1, much
slower than our observations herein. On the other hand, we
roughly estimate the minimum reﬂection time by taking into
account the average sound speed and vertical distance be-
tween the rocket height and ground. The minimum reﬂection
time of rocket-produced neutral density perturbation wave is
18min for the NK event and 18.8min for the SK event, com-
parable to the delay time observed in this study. Meanwhile,
if the rocket-produced neutral density perturbation waves re-
ﬂect from the surface or lower atmosphere, they also agree
with the geometry conditions demonstrated in Fig. 6c and
thus lead to a clear north–south asymmetry.
4 Summary
In summary, this study presents detailed two-dimensional
GPS-TEC maps of the shock wave signature in ionospheric
plasma as well as the delayed bow wave signatures that ap-
peared 20min after the rocket passages of both NK (west-
ward trajectory) and SK (southward trajectory) events for the
ﬁrst time. Both shock wave and delayed bow wave signa-
tures have initial velocities exceeding 1000ms−1 followed
by reduced velocities of 800–900ms−1, and the equator-
ward propagations of shock wave velocities are more promi-
nently seen than the poleward waves. The time series of two-
dimensional rTEC maps with shock and bow wave signa-
tures provide a unique opportunity to estimate the associated
propagation velocities. Such application could lead to fur-
ther study of the propagation characteristics of the AGW sig-
natures in the ionospheric plasma perturbation when rocket
launches occur.
The Supplement related to this article is available online
at doi:10.5194/angeo-32-1145-2014-supplement.
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